The First Department of Pathology (Prof. N. Suwa 
1) Estimation of a
The elasticity constant a of a certain tissue indicates its elastic property . It is practically determined by the elastic property of the main constituent fibers of the tissue. Elastic fibers are characterized by a low value of a below 5 , while collagenous fibers have distinctly higher values of a over 10. The elasticity constant of the normal lung is estimated to be 5.5 for all the age groups . This indiciates that the elastic system of the normal lung is practically made up of elastic fibers. Consequently, an increase of collagenous fibers in the lung will cause an elevation of its elasticity constant. In emphysematous lungs where pulmonary fibrosis is one of the commonest complications , higher values of elasticity constant are expected than in normal lungs.
It is mathematically impossible to express the effect of increased collagenous fibers over a wide range of pulmonary expansion by a single constant value of a , if we use the stress function in the form of F=A(eax-1).
However , in the case where pulmonary expansion is limited to such an extent that an approximate application of Hooke's law is permissible, the elasticity constant for the whole lung is determined by the quantitative proportion of elastic and collagenous fibers.
If the volume and elasticity constants of elastic and collagenous fibers are
Ve Vc, ae and ac, the elasticity constant of the total lung is given by:
As the elastic system of normal alveolar septa is constituted to the major part by elastic fibers, the quantity of elastic fibers can be practically replaced by the volume itself of normal alveolar septa. On this assumption, the quantities of alveolar septa and collagenous fibers were estimated by means of line sampling on histological sections. The length of linear intercepts given by intersection of the sampling line with pulmonary structures was consecutively measured. The sum of intercepts delivered by normal alveolar septa gave Ve, and that by scarred alveolar septa including perivascular and peribronchial connective tissues made Vc. In normal lungs the ratio Vc/Ve was about 0.2. On the other hand, the elasticity constant for normal lungs had been estimated to be 5.5 and for collagenous fibers 10.0 in a previous report of ours.2 Accordingly, the value obtained from (3) for ae was 4.6, a, ac and Vc/Ve being 5.5, 10.0 and 0.2, respectively. We assume further that the elastic property of normal alveolar septa is still maintained unchanged in well-preserved alveolar septa even in emphysematous lungs. In this case, we can calculate the elasticity constant a of individual emphysematous lungs, if we histometrically determine the ratio Vc/Ye of each lung. The result is presented in Table 2 . The elasticity constant a is more or less enhanced in emphysematous lungs owing to concomitant fibrosis and attains a value over 6.5 in cases with advanced fibrosis.
The present estimation of a is based on the assumption that Hooke's law is applicable. This condition is obviously not strictly satisfied even in emphysematous lungs where the ratio TLC/V0 or the maximum pulmonary stretch is much lower than in the normal lung. We must be aware of some errors which may arise from the above assumption.
2) Estimation of V0 and V0j
Because V0j is the partial pulmonary volume obtained by the partition of the total lung volume V0 to individual normal distributions, V0 must be first estimated. The volume of the left lung expanded by intrabronchial formalin infusion is demonstrated in Fig. 1 The density of the pulmonary elastic system in unexpanded lungs E is given by the product of the density of alveolar septa S0/V0 and the density of the system on alveolar septa p0 as: E =(S0/V0).p0 (4) When the pulmonary expansion due to formalin infusion is of the same grade in all the lungs, S0/V0 and po can be substituted by the corresponding values of expanded lungs S/V and p, so far as a comparative study of expiratory efficiency is concerned. The estimation of E is consequently performed in the following two steps.
a) Estimation of S/V The density of alveolar septa in the space or the alveolar surface area in a unit volume is estimated by line sampling on histological sections. If the length of the sampling line is 1 and the number of intersections of the line with alveolar septa C, S/V is given by:
or writing C/l as Cu S/V=2Cu.
This simple relation3,4 indicates that the surface area of alveolar septa in cm2 in a pulmonary volume of 1cm3 is two times of the count of intersections with a sampling line of 1cm, provided that alveolar septa are sufficiently randomized in their orientation in the space. The count Cu was determined on 500 to 1,000 microscopical fields randomly taken over the whole extension of frontal sections of the lung. Representative patterns of the distribution of Cu are presented in the histograms of Figs. 2-4. It is obvious that in normal lungs the distribution of Cu is sufficiently The distribution can sufficiently be assimilated to a normal distribution. The mean density of alveolar septa S/V, obtained as 2Cu, is presented in Fig. 5 in reference to age. In normal lungs the value takes its maximum at the birth and is continuously lowered with advancing ages. No sex difference is observed, and the scatter of the values is relatively small. In emphysematous lungs the value is distinctly lower than in normal lungs of the corresponding ages.
The product of S/V and V in Fig. 1 gives the total alveolar surface area St of the left lung in the state of expansion due to formalin infusion. The results are shown in Fig. 6 . The total effective respiratory surface area of alveoli will be approximately 4 times of St, because the value must be doubled to be related to both surfaces of alveolar septa and redoubled to express the quantity of both lungs. Since the quantity of non-respiratory pulmonary structures such as large bronchi and vessels occupies about 10% of the total lung volume4, the values of St and the effective respiratory alveolar surface area would in reality be reduced to 90% of the above results. In Fig. 6 , St increases after birth to the age of 30 years and remains hereafter essentially unchanged in normal lungs. An unexpected result in the figure is that St of emphysematous lungs is not much different from that of normal lungs. Extensive alveolar destruction which characterizes emphysematous lungs is apparently not due to disappearance of alveolar septa but substantially to structural derangement and to detachment of alveolar junctions. We take now such emphysematous lungs in which the distribution of alveolar septa can be approximated to a single normal distribution and examine the values of the standard deviation. It is noteworthy that the standard deviations of the emphysematous lungs are not essentially larger than those of normal lungs (Table 1) . This seems at first sight contradictory to anatomical appearance of emphysematous lungs where the dimension of alveoli or terminal air spaces is extremely divergent. For the correct understanding of the problem it is necessary to define the distribution of alveolar size. We assume that terminal air spaces can be assimilated to spheres of different diameters. We take a sphere of D in diameter and suppose that it is penetrated with an infinitely large number of parallel straight lines. The mean length I of intercepts delivered by interesection of the lines with the sphere is equal to 2/3 D. Consequently, we obtain : (1), (2), (3) and (4) In the above expression, X is a certain adequate length taken along the section of alveolar septa, and C' is the count of the sections of elastic fibers. The derivation of the expression will be discussed in a forthcoming report.
This apparently simple determination is in reality fraught with a difficulty. In histological sections, elastic fibers of the lung are not of uniform thickness.
Thick fibers are composed of a number of fine fibrils, which, however, cannot always be discerned even under high magnification.
The difference in the thickness of elastic fibers must be adjusted by weighting the count C' with the thickness of individual fibers. In this respect, the absolute values of p in Fig. 8 are of significance only in studies made by the same investigator, because they are influenced by the standard of the elementary fibrils, which must be more or less arbitrarily determined by each investigator.
In spite of the difficulty, a definite tendency is observed in the values of p. TABLE 2 Elasticity constant a, total lung volume in relaxation V0, overall mean of the alveolar surface area in a unit volume S/V, density of elastic system on alveolar surface p and overall mean of the density of elastic system in the space E are presented.
In S/V, p and E the values of the normal lung of young adults are taken as the standard and regarded as 1. The cases of emphysema are arranged in the descending order of E.
the values of the normal lung of young adults are taken as the standard and regarded as 1. Under physiological conditions, E takes its minimum value in young adults. In senile lungs its value is increased on account of high p, although S/V is lowered. In emphyseamtous lungs elevation of p cannot sufficiently compensate remarkable reduction of S/V, and E is lowered with progressive emphysematous process down to half the value of normal young adults.
4) Estimation of R
Increased airway resistance, which is the most important symptom of pulmonary emphysema, is observed only in forced expiration.
Whether airway resistance is enhanced in expiration without the participation of thoracic activity is an entirely different problem. Geometrical configuration of bronchial trees is evidently the decisive factor in determining intrabronchial resistance to air flow. Intrabronchial pressure gradient can be calculated on the basis of analytical treatments of bronchial casts. For this purpose our derivations8 are already available.
The result with a normal lung is presented in Fig. 9 . It is clearly demonstrated that in the normal lung the greater part of intrabronchial resistance is inserted in the region of terminal airways.
In this respect, it is important to investigate the behavior of terminal airways in emphysematous lungs.
As the problem will be more extensively discussed elsewhere, the treatment narrowed bronchioli is more or less increased in the majority of emphysematous lungs. But their total length is by far smaller than that of normal terminal airways. These results indicate a rather extensive transformation of terminal airways, probably because terminal and respiratory bronchiole with attenuated walls are distended, and their walls are absorbed and incorporated into the pulmo nary elastic system. Since terminal airways represent the site of the major in trapulmonary resistance to air flow, their destruction would contribute much to reducing airway resistance in emphysema. The total airway resistance in expira tion by pulmonary retractive force alone must be as a rule lower in em physematous than in normal lungs. However, an exact quantitative evaluation of intrapulmonary airway resist ance in emphysema is at present difficult on account of the anatomical irregu larity of bronchial trees. Consequently, it would be rather practical to take the extreme case into consideration. In normal subjects, the total airway resistance is the sum of the resistance of the upper respiratory tract and that of the intra pulmonary airways. As is demonstrated in Fig. 9 , intrabronchial pressure drop from the terminal bronchioles to the main bronchus of the normal lung is about 8mm H2O under air flow of 1 liter per second. On the other hand, clinically determined total airway resistance is about 16mm H2O/liter/sec.9 Accordingly, The total count of bronchial sections of every possible dia meter is also reduced. Fig. 12 . In some cases of emphysema, the incidence of abnormally narrowed bron chioli (shadowed in the diagram) is in creased. Their count, however, cannot usually account for the remarkable reduc tion of the count of normal terminal airways. Note the reduction of the total count.
Expiratory Efficiency of Emphysematous
Lungs 151 If a is a certain positive value, the time interval tx required for the ex piration from the pressure P to a is given by:
The data necessary for the calculation of this expression are already available in the course of the computation of (1). The lung was stained for elastic fibers prior to gelatin embedding. For input data see Table 3 . For input data see Table 3 . The lowermost curve is that of the transalveolar flow of this case of emphysema.
Note the slow elevation of Vsp with time.
airway resistance of the normal lung is regarded as 1. Under this condition, the possible range of R for emphysematous lungs is from 1 to 1/2. 
CALCULATED EXPIRATION CURVES OF EMPHYSEMATOUS LUNGS
With the estimation of the parameters we are now ready to calculate the expressions (1) and (2) with the input data of Table 3 employing an electronic computer.
For the comparison of expiratory efficiency of individual lungs expiration must be started after the same quantity of air is inspired. Throughout the following calculations, the initial pulmonary volume is determined as the sum of V0 and 4,500cm3. In other words, every lung is assumed to have inspired 4,500cm3 of air when expiration is started. Another condition which must be considered in the calculation is the time scale. Since there is no reliable way to check an absolute time scale, we take the time interval in which the normal adult lung expires 3,000cm3 after an inspiration of 4,500cm3 as the unit time. Practically this would not be much different from a second.
In Figs. 14 and 15 , the expiration curves of the normal lung in young adults are presented. The initial pulmonary pressure of expiration attains a very high level over 30cm H2O. With the progress of expiration, intrapulmonary pressure drops so rapidly that a practical termination of expiration is reached in a short time. Corresponding to the precipitating time-pressure curve, expired volume rises steeply in the initial phase of expiration, and the curve rapidly approaches to its plateau.
In contrast to the normal lung, a distinct deterioration of expiratory function is demonstrable even in the case of moderate emphysema as in Fig. 16 . The initial pressure of expiration in this case remains very low even after the inspiration of 4,500cm3. On the other hand, the pressure drop is distinctly retarded, and the t-P curve crosses the corresponding curve of the normal lung. The practical termination of expiration is not reached in such a short time as in normal lungs. The rise of expired volume is also remarkably hampered. At the point t=1, where 3,000cm3 out of 4,500cm3 are already expired by normal lungs, only about 1,200cm3 are expired. When checked at t=1, expiratory efficiency of this case is lowered to 40% of the normal.
With advancing emphysematous changes, deterioration of expiratory func tion becomes still severer. In the case demonstrated in Fig. 19 the curve of t-Vsp is so flattened that only 600cm3 out of 4,500cm3 are expired at t=1. Expiratory efficiency is lowered to 20% of the normal.
In Table 4 , expired volumes at t=1 and t=2 of all the examined emphy sematous lungs are presented. As is easily comprehended from the expression (2), R is directly proportional to t. It takes exactly two times as much time to attain the same state of expiration, when R is increased to two times. Accordingly, if expiratory efficiency is checked at t=2 in the case of R=1, it is equivalent to the expiratory efficiency at t=1 with R=0.5. In none of the examined emphysematous lungs the expired volume attains the level of 3,000cm3 even at the point of t=2. This means emphysematous lungs cannot drive out a sufficient volume even after the lapse of twice as long time as required for the normal lung, or even if the intraplmonary airway resistance is brought to zero. of Emphysematous Lungs 159 1) V0 and E We consider two pulmonary models. In one of them, E is reduced to half the normal, and the other four parameters are left to be normal. In the other model, only V0 is increased to 2,000cm3, namely to two times of V0 of the normal lung, the other parameters being fixed to the normal. In both models expiration is started after the inspiration of 4,500cm3. The curves of expiration are presented in Figs. 22 and 23 . In the former model in which E is reduced to half the normal, the initial pulmonary pressure is lowered almost exactly to a half of the normal value. Expiratory efficiency checked at t=1 is depressed to about 70% of the normal. In the latter model where E remains normal and only V0 is increased to two times, the depression of the initial pulmonary pressure is much more pronounced, and expiratory efficiency at t=1 is lowered to 50% of the normal. In emphysematous lungs V0 often exceeds 3,000cm3, or it is increased over three times of the normal value, while the lowest value of R in the present study is only a little smaller than half the normal. It is easy to understand, that an increase of the volume in unexpanded lungs plays the most important role in smaller.
3) Effect of a The elevation of elasticity constant a due to pulmonary fibrosis has a pronounced effect to increase intrapulmonary pressure at a certain pulmonary expansion. In Fig. 30 , the volume-pressure relation is presented with a series of different a. It is further noteworthy that an increase of a from 5.5 to 6.5 can compensate almost completely a reduction of E to half the normal. Pulmonary fibrosis, which is in its nature a definitely pathological process, may improve functional disability of the lung in some situation.
4) Maximum pulmonary expansion
The parameter analysis is concluded with the consideration of the initial lung volume of expiration. Even with emphysematous lungs of definitely lowered expiratory capacity, a sufficient expiratory volume is theoretically obtainable in a limited time, if the lung is further expanded by increasing inspiratory volume. The enlargement of thoracic cavity in patients with emphysema can be regarded as a compensatory process. The problem is, however, to what extent the lung volume must be increased at the beginning of expiration, in order that an expi ratory volume of 3,000cm3 may be obtained at t=1. Fig. 32 demonstrates the ini tial volumes of the examined emphysematous lungs, which are required to afford the above expiratory volume at t=1. In none of the cases the required initial volume is smaller than 10 liters. In extreme cases it exceeds 15 liters. The inspiratory volume necessary to obtain the required initial volume is larger than 8 liters through out the examined cases. This requirement is obviously not fulfilled in the organ ism. Clinical experiences have demonstrated that the vital capacity is distinctly reduced in emphysema. The quantity is approximately equivalent to the inspiratory volume in the present study. Emphysematous lungs are after all incompetent to drive out a sufficient quantity of inspired air in a time interval compatible with physiological respiratory activities. The uppermost slender curve is that of the normal lung after inspiration of 4,500cm3, and the lowermost curve is that of this case of emphysema after inspiration of the standard volume of 4,500cm3.
The thick curve crosses the curve of the normal lung at t=1 and still continues to rise without essentially reducing its gradient. 
